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TBSVTBSV) possesses a positive-strand RNA genome that is not 5′-capped or 3′-
polyadenylated. Previous analysis revealed that the TBSV genome contains a 3′-cap-independent
translational enhancer (3′CITE) in its 3′-untranslated region (3′UTR) that facilitates translation of viral
mRNAs in vivo. A long-range 5′–3′ RNA–RNA interaction between the 3′CITE and the 5′UTR of viral mRNAs is
necessary for function, and this RNA bridge has been proposed to mediate delivery of translation-related
factors bound to the 3′CITE to the 5′-end of the message. Although fully functional when assayed in plant
protoplasts, the TBSV 3′CITE was previously found to be unable to activate translation in vitro in wheat germ
extract (wge). In the current report we have determined that (i) another Tombusvirus, Carnation Italian
ringspot virus (CIRV), contains a TBSV-like 3′CITE that is active in wge; (ii) the CIRV 3′CITE functions in vitro in
a manner analogous to the TBSV 3′CITE in vivo; (iii) the TBSV 3′CITE is able to competitively inhibit CIRV 3′
CITE-dependent translation in wge and (iv) the TBSV 3′CITE can enhance translation in wge when present in
short viral messages. These results reveal the contrasting activities of different TBSV-like 3′CITEs in vitro and
shed light on the nature of the defect in TBSV.
© 2008 Elsevier Inc. All rights reserved.Introduction
Positive-strand RNAvirus genomes are templates for translation by
host ribosomes. As such, they posses signals that are recognized by the
translational machinery (Dreher and Miller, 2006). Similar to cellular
mRNAs, typical signals used by viruses include a 5′-cap structure and/
or a 3′-poly(A) tail. These structures function to facilitate the
recruitment of translation initiation factors and the small ribosomal
subunit, and mediate message circularization via formation of a 5′-3′
protein bridge (Gebauer and Hentze, 2004). Interestingly, certain
positive-strand RNA viruses lack both of these terminal modiﬁcations
and most, if not all, members of the large plant virus family Tombus-
viridae fall into this category (Kneller et al., 2006). Tomato bushy stunt
virus (TBSV) and Tombusvirus, respectively, are the type species and
genus of this family (White and Nagy, 2004). The positive-strand RNA
genome of TBSV is ∼4.8 kb long and encodes ﬁve functional open
reading frames (ORFs) (Hearne et al., 1990) (Fig. 1A, top). The 5′-
proximal ORFs are translated directly from the genome, while central
and 3′-proximal ORFs are translated from two subgenomic (sg)
mRNAs that are transcribed during infections (White and Nagy, 2004).
Cap-independent translation in tombusviruses is currently best
understood in TBSV. Studies using a trans-complementation system
allowed for the assessment of viral mRNA translational activity in
plant protoplasts (Fabian and White, 2004, 2006). These analysesl rights reserved.deﬁned a 3′-proximal RNA element that is necessary for efﬁcient
translation in vivo. The, so-called, 3′-cap-independent translational
enhancer (3′CITE) is located in the 3′-untranslated region (3′UTR) of
the TBSV genome (Fig. 1A, top) and folds into a Y-shaped RNA domain
(Fabian and White, 2004, 2006). Different types of functional 3′CITEs
have also been found in other genera of Tombusviridae, including
Carmovirus (Qu and Morris, 2000; Koh et al., 2002), Dianthovirus
(Mizumoto et al., 2003), Necrovirus (Shen and Miller, 2004), Panicov-
irus (Batten et al., 2006), and also in the closely related Luteovirus
genus (Wang and Miller, 1995; Wang et al., 1997). Interestingly, some
viruses that are not closely related to Tombusviridae, e.g. Blackcurrent
reversion virus (BRV; genus Nepovirus), also appear to contain 3′CITEs
(Karetnikov et al, 2006; Karetnikov and Lehto, 2008). Currently, the 3′
CITE in a necrovirus satellite RNAvirus (Timmer et al, 1993; Danthinne
et al., 1993) and that in the Barley yellow dwarf virus genome (genus
Luteovirus; Wang et al., 1997) are among the best characterized.
These 3′CITEs have been shown to preferentially bind to translation
initiation factors eIF4E or eIF4G, respectively, and these binding
activities likely facilitate recruitment of the small ribosomal subunit to
the viral messages (Gazo et al., 2004; Treder et al., 2008).
As translation initiation occurs at the 5′ terminus of mRNAs, a
contradictory aspect of 3′CITEs is their location at the 3′ end of viral
messages. For BYDV, TBSV and BRV, experimental evidence indicates
that long-distance 5′–3′ RNA–RNA interactions allow the 3′CITEs (and
presumably their bound protein cargo) to directly engage the 5′ ends
of viral mRNAs (Guo et al., 2001; Fabian and White, 2004, 2006;
Karetnikov et al, 2006; Karetnikov and Lehto, 2008). For TBSV, this
base pairing interaction occurs between the terminal loops of stem-
Fig. 1. Translation of Tombusvirus genomic RNAs in wheat germ extract. (A) Schematic representation of RNA genomes of TBSV, CNV and CymRSV (top), and CIRV (bottom). Genomes
are represented by horizontal lines with coding regions depicted as boxes with approximatemolecular masses (in kDa) of the encoded proteins indicated. The 5′-proximal translation
products (p33 or p36) and their readthrough products (p92 or p95) are indicated by rightward pointing arrows. The relative locations of 3′CITEs in the 3′UTRs of viral genomes are
labeled and delineated by the brackets. Dotted lines show positions of the restriction sites used to generate truncatedmessages lacking the 3′CITE (i.e. −3′CITE), and initiation sites for
subgenomic mRNA transcription of sg mRNA1 (sg1) and 2 (sg2) are indicated by small arrows. (B) SDS-PAGE analysis of products generated from translation of 0.5 pmol of uncapped
full-length genomes (+3′CITE) or 3′-truncated genomes (−3′CITE) after a 1 h incubation at 25 °C in a 20 μl wheat germ extract reaction containing [35S]Met. The viral genomes
analyzed are labeled above the lanes and the presence (+) or absence (−) of the 3′CITE in themessage is indicated. The mock lane consists of a translation reactionwith no RNA added,
while the BMV lane separates translation products from BMV RNAs that served as molecular mass markers. Themajor BMV products, indicated by arrowheads, correspond to 109, 35,
and 20 kDa. (C) The relative accumulation levels of p33 (TBSV, CNV and CymRSV) or p36 (CIRV) were quantiﬁed by radioanalytical scanning of the gel and plotted graphically. The
relative translation level for each message lacking a 3′CITE (i.e. −3′CITE) was set at 1 and the values for the corresponding messages containing a 3′CITE (i.e. +3′CITE) were calculated
relative to 1. Error bars indicate standard error of the mean and were determined from three separate experiments. (D) Stability of CIRV and TBSV transcripts in wheat germ extract.
Aliquots of different translation reactions (listed on the left) were removed at the times indicated (on top) and viral RNAs were analyzed by Northern blotting.
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messages. Both genetic and physical studies support a functional long-
range RNA–RNA interaction in TBSV (Fabian and White, 2004, 2006).
Moreover, based on comparative sequence and structural analysis, this
RNA-mediated 3′CITE-5′UTR communication is likely employed by all
genera in Tombusviridae (Fabian and White, 2004). The same analysis
also revealed that the subgenomic (sg) mRNAs generated by these
viral genomes also contain 5′-adapter SLs in their 5′UTRs that are
complementary to the 3′-adapter SLs in their cognate 3′CITEs. This
feature, which is also observed in TBSV, explains how a single 3′CITE isable to service both genomic and subgenomic mRNAs and rationalizes
the 3′-proximal location of these CITEs.
Interestingly, TBSV is not the only Tombusvirus demonstrated to
harbor a functional 3′CITE. Recently, it was shown that the Maize
necrotic streak virus (MNeSV) also contains an active 3′CITE (Scheets
and Redinbaugh, 2006). In contrast to the Y-shaped RNA secondary
structure of the TBSV 3′CITE, the MNeSV 3′CITE appears to take the
form of an extended stem-loop structure (i.e. I-shaped). Another
striking difference between the two viruses is that the MNeSV 3′CITE
functions in wheat germ extract (wge) (Scheets and Redinbaugh,
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(Wu and White, 1999). As the natural hosts of MNeSV are
monocotyledonous (monocot) hosts (i.e. grasses) and the wge is
made from a monocot source, it is possible that the incompatibility
observed for TBSV is related to the fact that it infects dicotyledonous
(dicot) hosts (i.e. broad-leafed plants). Regardless of the reason, the
inactivity of the TBSV Y-shaped 3′CITE in wge, and also in other
commercially available extracts (e.g. rabbit reticulocyte lysate), has
proven to be a major impediment to deciphering the mode of action
of this RNA element in any detail. Accordingly, the major objectives
of this study were to (i) determine whether the TBSV translational
defect in wge is a feature common to all Y-shaped 3′CITE-containing
tombusviruses, (ii) investigate basic mechanistic activities of any
functional 3′CITEs identiﬁed, and (iii) assess the nature of the TBSV
3′CITE defect.
Results
Analysis of Tombusvirus RNA genomes in wge
To investigate whether the inactivity of the TBSV 3′CITE in wge
extended to other tombusviruses harboring TBSV-like Y-shaped
domains (Fabian and White, 2004), three other species in this genus
were analyzed. In vitro RNA transcripts of uncapped full-length viral
RNA genomes were generated along with corresponding 3′-truncated
versions that removed their 3′CITEs (Fig. 1A). The major translation
products anticipated from the genomes of TBSV, Cucumber necrosis
virus (CNV; Rochon and Johnston, 1991) and Cymbidium ringspot virus
(CymRSV; Burgyan et al., 1990) are ∼33 kDa proteins generated from
their 5′-proximal ORFs (Fig. 1A). The larger readthrough product, p92,
is generally not detectable, as suppression of the p33 termination
codon is inefﬁcient in wge. For Carnation Italian ringspot virus (CIRV;
Burgyan et al., 1996), the corresponding 5′-proximal and readthrough
products are 36 and 95 kDa, respectively. This difference exists
because the start codon for these ORFs is located further upstream
relative to those in the other three tombusviruses (Fig. 1A). CNV,
CymRSV and CIRV all contain 3′CITEs that are predicted to form Y-
shaped domains that are very similar to the experimentally conﬁrmed
structure in TBSV (Fabian and White, 2004, 2006). The predicted
secondary structure of the 3′CITE of CIRV is shown in Fig. 2.
Full-length and 3′-truncated versions of the different uncapped
Tombusvirus RNA genomes were translated in vitro in wheat germ
extract (wge) and the radio-labeled protein products generated were
separated by denaturing gel electrophoresis (Fig. 1B). Consistent with
previous results (Wu and White, 1999), no notable difference in p33
levels was observed for the TBSV genome containing or lacking its 3′
CITE (Figs. 1B, C). Interestingly, the analysis of two other tombus-
viruses, CNV and CymRSV, yielded results similar to that for TBSV
(Figs. 1B, C). In contrast, the full-length CIRV genome exhibited
substantially higher levels of protein accumulation, ∼8-fold, when
compared to its 3′-truncated counterpart lacking the 3′CITE (Figs. 1B,
C). No major or consistent difference in stabilities of the CIRV-based
messages in the wge was observed (Fig. 1D), suggesting that the
enhancement was due to increased translational efﬁciency. Accord-
ingly, it appears that tombusviruses containing Y-shaped 3′CITEs can
exhibit markedly contrasting activities in wge.
The CIRV 3′CITE is functionally equivalent to a 5′-cap structure in wge
and requires a 5′–3′ RNA–RNA interaction
Previously, it was shown that the TBSV 3′CITE could be functionally
replaced by a 5′-cap structure in vivo (Wu andWhite, 1999). However,
a similar requirement in wge could not be assessed because its 3′CITE
is not active in this system. The newly identiﬁed 3′CITE of CIRV
therefore provided an opportunity to further assess the function of a
TBSV-like element inwge. 5′-capping of a CIRV genome devoid of its 3′CITE restored the translation level to that of the wild-type (wt) CIRV
genome, however capping a full-length CIRV genome did not lead to
further p36 accumulation (Fig. 3A). The 3′CITE is therefore function-
ally equivalent to a 5′ cap structure in terms of its ability to enhance
translation in wge, however combining the two elements in a single
message does not confer either additive or synergistic enhancement.
Previous in vivo analysis of the TBSV 3′CITE demonstrated that a
5′–3′ RNA–RNA base pairing interaction is necessary for translational
enhancement in protoplasts (Fabian andWhite, 2004). The 5′UTR and
3′CITE in the CIRV genome also contain corresponding adapter SLs
with complementary terminal loops (Fig. 2), suggesting a similar
functional requirement in this virus. This concept was tested by
disrupting and then restoring the base pairing potential of the
adapters in the CIRV genome using single nucleotide substitutions
(Fig. 3B). When the effects of these modiﬁcations were assessed in
wge, the two messages with decreased complementarity, G5 and C3,
showed reduced levels of product accumulation to ∼30% that of wt
CIRV (Fig. 3C). In contrast, G5C3, harboring transposed but restored
base pairing potential, showed partial recovery that was ∼2-fold
greater than those for G5 and C3 (Fig. 3C). The correlation between
base pairing potential and translational efﬁciency supports a role for
the proposed 5′–3′ RNA–RNA interaction in facilitating CIRV genome
translation in wge.
This result was further scrutinized by testing the biological activity
of the modiﬁed CIRV genomes in plant protoplasts. Wt and mutant
genomes were transfected into cucumber plant protoplasts and
accumulation of viral RNAs was monitored by Northern blotting after
a 22 h incubation at 22°C (Fig. 3D). C3 exhibited a reduced genome
level (∼22%) that was roughly equivalent to its translational activity in
wge (Fig. 3D). Similarly, the G5C3 genome level (∼57%) closely
mimicked its translational activity, and this value represented a
∼2.6-fold increase compared to that for C3 (Fig. 3D). Interestingly,
the level of theG5 genomewas similar to that for G5C3, suggesting that
this mutant has a functional advantage over its mismatched counter-
part C3 in vivo. This difference is likely related to the higher average
stability of GGmismatches versus CCmismatches (Kierzek et al.,1999),
the diverse ionic environments of wge and protoplasts, and different
incubation temperatures, etc. In agreementwith this concept, previous
analysis of a TBSV mutant harboring a GG mismatch in an important
RNA base pairing interactionwas found to be functional in protoplasts
(Na et al., 2006). Overall, the results from the current protoplast studies
are in general agreementwith a role for the 5′–3′ RNA–RNA interaction
in promoting efﬁcient viral RNA accumulation in vivo.
Inhibition of CIRV translation in trans by 3′CITEs
Based on our working model for how Tombusvirus 3′CITEs function
(i.e. recruiting and delivering translation-related factors to the 5′UTR;
Fabian and White, 2004, 2006), we predicted that the addition of free
functional 3′CITE to wge that contained full-length wt CIRV genome
would lead to inhibition of translation of the latter via sequestration of
the putative factors. Indeed, as higher amounts of the wt CIRV 3′UTR
were added to a ﬁxed amount of full-length CIRV genome, there were
corresponding reductions in accumulation of the p36 translation
product from the full-length genome (Figs. 4A, B). We next tested the
seemingly nonfunctional 3′UTR of TBSV in the same type of inhibitory
assay. Surprisingly, the TBSV wt 3′UTR was very effective at inhibiting
translation from the CIRV genome and exhibited efﬁcacy that was
nearly comparable to that of the CIRV 3′UTR (Figs. 4A, B). This
unanticipated inhibitory effect could have been conferred in at least
two ways. First, because the 3′-adapter SL in the TBSV 3′CITE is
complementary to the 5′-adapter SL in CIRV's 5′UTR, it is possible that
a nonfunctional TBSV 3′CITE binds to the CIRV 5′-adapter SL and
inhibits the intramolecular 5′–3′ RNA–RNA interaction in the CIRV
genome; shown herein to be important for translational efﬁciency in
wge (Figs. 3C). Second, it is possible that the TBSV 3′CITE is functional
Fig. 2.Mfold-predicted RNA secondary structure of the CIRV 5′UTR and 3′CITE. The p36 start codon in the 5′UTR is boxed. The proposed base-pairing interactions between SL2 in the
5′UTR and SL-B in the 3′CITE are connected by dotted lines. In TBSV, corresponding SL-B, SL-C and SL-A in the 3′CITE are critical for activity in vivo, while S-Z is less important (Fabian
and White, 2004, 2006).
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to translation-related factors and sequesters them away from the CIRV
genome.To assess the mechanism of inhibition by the TBSV 3′UTR, two TBSV
3′CITE mutants that were previously characterized in vivo were tested
(Fabian and White, 2004, 2006). In ALT15, an internal loop in SL-B is
Fig. 3. Analysis of 3′CITE activity and 5′–3′ RNA–RNA interaction in CIRV. (A) SDS-PAGE analysis of translation products generated in wge from uncapped or capped CIRV transcripts,
either with or without a 3′CITE. Relative translation levels were calculated relative to p36 production fromwild-type uncapped CIRV (set at 100) and are shown below each lane with
standard error. (B) Diagram of 5′- and 3′-adapter SLs in the CLSV genome showing the proposed long-distance RNA–RNA interaction. Complementary bases between SL2 in the 5′UTR
and SL-B in the 3′CITE are connected by dotted lines. The base pair chosen for compensatory mutational analysis is indicated by the box, and the mutations introduced along with
mutant names are shown. (C) SDS-PAGE analysis of translation products generated in wge fromwt and mutant uncapped CIRV genomes shown in (B). (D) Northern blot analysis of
progeny viral RNAs isolated from cucumber protoplasts transfected with the indicated wt and mutant CIRV genomes. Positions of the genomic (g) and subgenomic mRNAs (sg1 and
sg2) are shown to the left. Relative genome accumulation levels were calculated and are given below with standard errors from three experiments.
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terminal loop of SL-B is substituted with a different sequence that
is not complementary to the 5′-adapter SL in the TBSV 5′UTR (or to the
5′-adapter SL in the CIRV 5′UTR) (Fig. 4C). This mutant is also defective
for translational activity in vivo due to disruption of the 5′-3′ RNA-RNA
interaction (however, the non-3′-adapter portion of this 3′CITE is still
active in vivo; Fabian and White, 2004). Accordingly, competition
analysis using the twomutants would reveal if a functional TBSV 3′CITE
(e.g. possessing factor-binding activity) was mediating the inhibition or
if the inhibition was instead conferred by competitive base pairing of a
nonfunctional TBSV 3′CITE with the CIRV 5′UTR.
When ALT15 was used as a competitor, inhibition was greatly
reduced, with no inhibition observed at the 10- and 20-fold molar
excess concentrations, and only marginal inhibition (b20%) at 40-fold
molar excess (Figs. 4A, B). Accordingly, at a 40-fold molar excess
concentration, ALT15 was N3-fold less effective at inhibiting transla-
tion of the CIRV genome when compared to the wt TBSV 3′UTR, and a
similar differencewas observed at 80-foldmolar excess (Figs. 4A, B). In
contrast, Vb was exceedingly efﬁcient at inhibiting CIRV genome
translation andwas ∼3- to ∼4-fold more effective thanwt TBSV 3′UTR
in the range of 10- to 40-fold molar excess (Figs. 4A, B). The enhanced
repression observed, when the potential trans-based RNA–RNA
interaction was abolished, suggests that the wt TBSV 3′UTR may
have been partially trans-servicing the CIRV 5′UTR (e.g. by providing it
with bound factors). Based on these results and our working model, it
seems possible that the TBSV 3′UTR harbors a 3′CITE that is capable of
binding translation-related factors and that it functions in the
competition assay by sequestering such factors. Stability assays
carried out on the different competitor RNAs revealed similar decayrates and suggested no major role for differential stability in the
results (Fig. 4D). Levels of inhibition comparable to those observed for
the 3′UTRs were also observed when only the wt Y-shaped domain of
either CIRV or TBSV was used as competitor (Fig. 4E), suggesting that
the potential factor-binding activities resides within these domains.
Based on the results with the TBSV, we wondered if the 3′CITE in the
full-length TBSVgenomewouldbe able to cause similar inhibition. To test
this, a competition assaywas performedusing full-length or 3′-truncated
TBSVgenomesas competitor (Fig. 4F). Initially, the additionof either TBSV
message led to similar increases in translation from the CIRV genome
(Fig. 4F). Inhibition was observed only at the 80-fold molar excess
concentration; however the levelswere still comparable for the twoTBSV
messages (Fig. 4F). As a control, a modiﬁed CIRV genome, CIRVp33, was
used as a competitor. CIRVp33 encodes a 5′-truncated version of p36 that
is ∼33 kDa, allowing it to be distinguished from the wt p36 produced by
wt CIRV. The CIRVp33 containing its 3′CITE preferentially reduced p36
accumulation from wt CIRV, conﬁrming that a full-length viral genome
can act as an effective competitor (Fig. 4F). Based on these results, it
appears that the 3′CITE present in the full-length TBSV genome is unable
to preferentially inhibit CIRV genome translation.
Alternative RNA folding treatments do not restore 3′CITE-dependence to
the TBSV genome
Both the translation (Fig. 1B) and competition assays (Fig. 4F)
suggested that the TBSV 3′CITE is not functional in its genomic
context. One explanation for this defect may be that the viral genome
is not properly folded. The phenol/chloroform extraction used to
remove proteins following in vitro transcription can denature RNAs,
Fig. 4. Trans-inhibition of CIRV translation by 3′CITE-containing RNAs. (A) SDS-PAGE analysis of p36 accumulation in wge from uncapped wt CIRV genome in competition with the
different 3′UTRs indicted to the left. The molar excess of the competitor used is indicated above the lanes. (B) Graphical representation of the data in (A). Each value was calculated
relative to that for translation from CIRV when the reaction contained no competitor RNA; set at 100. (C) The upper portion of the TBSV 3′CITE is shown along with the mutations in
ALT15 and Vb. Mutant ALT15 has an internal loop (shown by the black circle) deleted, while Vb contains a substituted SL-B terminal loop (boxes) that is not complementary to the 5′-
adapter SLs in the 5′UTR of either CIRV or TBSV. (D) Stability analysis of competitor 3′UTR RNAs in wheat germ extract. (E) Representative SDS-PAGE analysis of trans-inhibition of
CIRV translation by RNA fragments containing only the wt Y-shaped domains of TBSV or CIRV (as described in A). (F) Graph showing p36 production from wt CIRV when placed in
competition with a wt TBSV genome with (+) or without (−) its 3′CITE or a modiﬁed CIRV genome, CIRVp33, +/− its 3′CITE.
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way that the 3′CITE is inactivated. To address this issue, we performed
different RNA folding treatments in an effort to generate a functional
3′CITE in the TBSV genome. Two different approaches were utilized.
RNA that was previously puriﬁed by phenol/chloroform extraction
was heat-treated at 80 °C and then refolded slowly by gradient cooling
(i.e. thermodynamically-driven folding). Additionally, RNA was taken
directly from transcription reactions (i.e. no processing) and added to
translation reactions. The slow-cool treatment was predicted to allow
the mRNA to fold into its most thermodynamically stable structure(s).
The non-processed in vitro transcript was tested because sequential
5′-to-3′ folding, i.e. co-transcriptional folding, could be important for
the message attaining a functional structure. Assessment of thegenomic RNA treatments for 3′CITE-dependent activity in wge
showed that neither exhibited enhanced translation (data not
shown). Thus, the different folding treatments were unable to restore
3′CITE activity in vitro.
Chimeric TBSV genomes are not translationally active in wge, but are
highly infectious in protoplasts
In an effort to gain further insight into the differential activity of
TBSV and CIRV in wge, chimeric genomes were constructed and
tested. Speciﬁcally, the 3′UTRs of CIRV and TBSV were exchanged,
thereby creating the chimeras C-T3′ and T-C3′ (Fig. 5A). Neither
chimera mediated 3′CITE-mediated enhancement of translation in
Fig. 5. Analysis of chimeric Tombusvirus genomic RNAs. (A) Schematic representation of the viral genome chimeras derived from TBSV and CIRV. The T-C3′ chimera is TBSV-based and
contains the 3′CITE of CIRV, while the C-T3′ chimera represents the reciprocal exchange. Genomic coordinates for each portion exchanged in the chimeras are shown below.
Transcription initiation sites for subgenomicmRNAs 1 and 2 are indicated by arrows below the genome. (B) SDS-PAGE analysis of translation products generated inwge from chimeric
genomes with (+) and without (−) 3′CITEs. Relative accumulation values for the chimeras are shown below the gel. (C) Northern blot analysis of viral RNA accumulation in cucumber
protoplasts transfected with the chimeric genomes. The accumulation level of the T-C3′ genome was calculated relative to that for wt T100, while C-T3′ genome accumulation is
expressed relative to that for wt CIRV. All of the lanes shown were from the same gel. The spaces left between lanes deﬁne those lanes that were not directly adjacent in the gel.
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genomic context and the 3′CITE of TBSV is not activated in a CIRV
genomic context. Although incompatible for 3′CITE-mediated transla-
tion in wge, both chimeras were fully functional in protoplast
infections (Fig. 5C). These data indicate that the TBSV 3′CITE defect
can not be readily remedied by providing a viral context known to
allow for 3′CITE function in wge. Additional analysis of other TBSV
genome mutants that contained localized site-directed modiﬁcations
in their 3′CITEs, which made them more CIRV-like, did not reveal any
3′CITE-dependent activation (data not shown).
Shorter artiﬁcial and natural TBSV mRNAs are partially active in wge
Based on our inability to restore 3′CITE-dependent activity to the
full-length TBSV genome, we refocused our attention on the
possibility of detecting activity from shorter mRNAs. To this end,
two artiﬁcial and one natural message that contained the TBSV 3′UTR
were tested. The artiﬁcial messages were used previously in a trans-
complementation system to template translation of p33 in vivo (Wuand White, 1999; Fabian and White, 2004, 2006). The two artiﬁcial
messages contain 5′ and 3′ segments of the TBSV genome and differ
from each other in that DI-83 contains an extra ∼230 nt long internal
viral segment that is absent in DI-83ΔII (Fig. 6A). In contrast, sg
mRNA2 is a natural viral message that is transcribed by TBSV during
infections and it templates translation of the overlapping ORFs
encoding p22 and p19 (Fig. 6A) (White and Nagy, 2004). Sg mRNA2
is derived from the 3′ region of the genome; however its 5′UTR
harbors a 5′-adapter SL that is complementary to the 3′-adapter SL in
the 3′CITE (Fig. 6B). All three TBSV messages were tested for
translational activity in wge, either with or without their cognate 3′
CITEs. DI-83 showed similar levels of p33 accumulation for both
message types, whereas the DI-83ΔII message containing a 3′CITEwas
∼3-fold more active than its 3′CITE-lacking counterpart (Fig. 6C).
Similarly, sg mRNA2 was ∼4-fold more active when it contained a 3′
CITE (Fig. 6C). Stability assays indicated similar decay rates for the
different messages (Fig. 6D). The difference seen with the artiﬁcial
messages shows that the presence of even a short segment of viral
RNA can be inhibitory to 3′CITE-dependent translation, while the
Fig. 6. Analysis of 3′CITE activity in smaller mRNA contexts. (A) Schematic representation of the TBSV genome is shown at the top along with smaller TBSV-derivedmRNAs below. The
5′ and 3′ regions of the TBSV genome present in p33-encoding DI-83 and DI-83ΔII are shownwith absent segments represented by horizontal dotted lines. Sg mRNA2 corresponds to
the 3′-proximal region of the TBSV genome and contains two overlapping ORFs that encode p19 and p22. (B) Diagram showing the complementarity between the 5′UTR of TBSV sg
mRNA2 and SL-B in the 3′CITE. Potential base pairs are indicatedwith dotted lines. (C) SDS-PAGE analysis of translation products generated inwge from themessages described in (A),
with (+) and without (−) 3′CITEs. Relative accumulation values are shown below the gel. (D) Stability analysis of mRNAs in wheat germ extract.
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TBSV genome is inactive in wge, a shorter natural TBSV mRNA is at
least partially active in this system.
Discussion
Previously, we showed that the TBSV 3′CITE is not active inwge and
this property has impeded progress in unraveling the mechanistic
details of its activity. Here we have established that this problematical
feature is not unique to the TBSV genome and extends to at least two
other members of this genus, CNV and CymRSV. This is an important
ﬁnding, as it supports the notion that the initial observation for TBSV is
valid and is not the consequence of, for example, a cloning error that
renders it inactive under certain circumstances. That is, it is unlikely that
the same type of defect was introduced into three different and
independently cloned viral genomes. Perhaps even more signiﬁcant is
the ﬁnding that the CIRV genome, which harbors a TBSV-like Y-shaped
3′CITE, is translationally active in wge. The 3′CITE-dependent level of
enhancement observed for CIRV is comparable to the levels seen for
other 3′CITE-containingmembers of Tombusviridae inwge (Miller et al.,
2007) and establishes that not all tombusviruses containing TBSV-like
3′CITEs are defective in this system. Accordingly, there appears to be atleast two distinct classes of Y-shaped 3′CITE-containing Tombusvirus
genome; one that is active inwge and one that is not. Like TBSV, CIRV is
dicot-infecting, therefore CIRV's activity in wge suggests that the
inactivity of TBSV's 3′CITE is not related to the extract being made
from a monocot host. As discussed further below, the basis for the
functional difference seems instead related, at least in part, to the RNA
context in which the 3′CITE resides.
The previous analysis which determined that a functional 5′–3′
RNA–RNA interaction was required for efﬁcient translation in TBSV
was performed using artiﬁcial virus-derived messages designed
speciﬁcally for in vivo studies (Wu and White, 1999; Fabian and
White, 2004; 2006). In the present study we established that this type
of long-range RNA-based interaction is also required in the natural
context of a wt full-length CIRV genome in vitro and, importantly,
showed that the interaction is physiologically relevant for optimal
viral RNA accumulation in plant protoplasts.
Establishing a functional role for the 5′–3′ RNA–RNA interaction in
wge was also relevant to the subsequent assessment of the mode of
trans-inhibition by the TBSV 3′CITE. This analyses showed that the
TBSV 3′CITE, alone (i.e. the Y-shaped domain) or in the context of the
3′UTR, is able to effectively inhibit CIRV genome translation; possibly
by sequestering trans-acting factors necessary for translation. The
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whether this RNA element could also confer inhibition in the larger
TBSV genome. If the 3′CITE does function by binding to factors, then it
is possible that it could still do so in the full-length genome, but be
defective in delivering such cargo to the 5′UTR. This would mean that
the functional block in its activity would occur post-factor-binding.
However, our data do not support this concept, as the full-length TBSV
genome did not preferentially inhibit CIRV genome translation.
Instead, there was an initial increase in CIRV genome translation,
which was mediated equally well by a TBSV genome that either did or
did not contain a 3′CITE. This trans-enhancement of translation may
be a consequence of the TBSV genomes sequestering inhibitory factors
in the wge. However, even when inhibition of translation of the CIRV
genome was ﬁnally achieved at a high molar excess of competitor, no
notable differencewas observed. Consequently, a possible explanation
as to why the TBSV genome is unable to direct efﬁcient translation in
wge is that its 3′CITE is unable to bind to translation-related factors.
Based on the fact that the isolated TBSV 3′CITE is able to trans-
inhibit translation of other messages and enhance translation in cis
when present in smaller RNA contexts, it seems likely that the defect
in the full-length genome is at least partially related to RNA
misfolding. Indeed, the 4.8 kb long TBSV genome would hold
considerable potential for misfolding. Attempts to improve native
folding with different renaturing treatments did not enhance
translational activity, suggesting that a translationally-enhanced
conformation of the TBSV genome may not be achievable in vitro.
Alternatively, it is possible that there may be a factor in the wge that
converts a properly folded RNA and into a form that is incompatible
with efﬁcient translation. Though conceivable, this option seems
unlikely, as this factor would have to speciﬁcally target the TBSV
genome and not the CIRV genome.
The translation-enhancing and trans-inhibitory activities of the
TBSV 3′CITE in the smaller RNA contexts also argue against the notion
that the wge lacks a particular factor that is essential for TBSV 3′CITE
function. The same observations also oppose the idea that the element
requires special RNA modiﬁcation in vivo in order to function. If the
nature of the TBSV genome defect is indeed misfolding, then it is
possible that in vivo there are factors that facilitate proper folding.
This notion is also consistent with our inability to generate
translationally-enhanced mRNAs using different folding protocols. In
vivo, the genome may be assisted by RNA chaperones that facilitate it
achieving a translationally-functional conformation.
Finally, the identiﬁcation of a Y-shaped 3′CITE in the CIRV genome
that is highly active inwge represents an important advance because it
provides a tractable in vitro system for future mechanistic studies. The
Y-shaped elements represent a distinct class of 3′CITE, thus uncover-
ing further information on how these elements operate will be of
signiﬁcant interest to those studying similar viral elements, as well as
others investigating fundamental translational mechanisms.
Methods and materials
Plasmid construction
Construction of T100, the full-length TBSV genome, DI-83, and DI-
83ΔII have been described previously (Hearne et al., 1990; Wu and
White, 1999). Infectious clones of CIRV (Burgyan et al., 1996), CNV
(Rochon and Johnston, 1991), and CymRSV (Burgyan et al., 1990) have
been described. DI-83ΔII-derived mutants ALT15 and Vb, have been
reported previously (Fabian andWhite, 2004; 2006). The CIRV mutant
CIRVp33 contained a point mutation inactivating the CIRV p36
initiation codon. CIRVp33 utilizes a more 3′-proximal start codon
that generates a shorter 33 kDa product, p33, which is distinguishable
from the wt p36.
All mutant constructs described were generated using PCR-based
mutagenesis and standard cloning techniques. Each construct wassequenced across its entire PCR-derived region to ensure that only the
desired mutationwas present. Where relevant, details of the modiﬁed
RNA sequence and/or structure are presented in the ﬁgures.
Computer-aided analysis of RNA
RNA secondary structures were predicted at 37 °C by using mfold
version 3.2 (Zuker 1999; Mathews et al., 1999).
In vitro transcription and RNA treatments
Uncapped viral transcripts were synthesized in vitro using an
AmpliScribe T7 RNA polymerase transcription kit (Epicenter technol-
ogies) with linearized DNA templates as described previously (White
and Morris, 1994). Capped transcripts were generated using an
Amplicap T7 High-Yield Message Maker kit (Epicenter technologies).
Transcript concentrations were determined spectrophotometrically,
and RNA integrity was veriﬁed by agarose gel electrophoresis.
For heat treatments of RNA, transcripts were heated in a
thermocycler at 80 °C for 2 min, followed by slow cooling to 25 °C
over 60 min, prior to in vitro translation.
In vitro translation and RNA analysis
Translation of subsaturating amounts (0.5 pmol) of RNA transcript
was carried out in nuclease-treated wheat germ extract (Promega) as
described previously (Wu and White, 1999). Protein products were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE) and quantiﬁed by radioanalytical scanning using a
PharosFx Plus Molecular Imager (Bio-Rad) and QuantityOne software
(Bio-Rad). All experiments were performed three times.
RNA stability assays utilized translation reactions containing
equivalent amounts of non-radioisotopic methionine. Aliquots were
removed at the speciﬁed time points, and the RNA was analyzed by
Northern blotting.
Isolation and inoculation of protoplasts
Protoplastswere prepared from6- to 7-day-old cucumber cotyledons
as described previously (White and Morris, 1994). Isolated protoplasts
were transfected with 3 μg of viral genome transcripts using a
polyethylene glycol-CaCl2 method, and incubated in a growth chamber
under ﬂuorescent lighting at 22 °C for 22 h prior to viral RNA isolation.
Analysis of viral RNAs from protoplasts
Total nucleic acid was harvested from protoplasts as described
previously (White and Morris, 1994). One ﬁfth of the total nucleic acid
preparation was separated in nondenaturing 1.4% agarose gels, and
viral RNAs were detected by Northern blot analysis. All experiments
were performed three times.
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